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          The attenuation characteristics of P waves in the Upper Mississippi 
Embayment were estimated using US Geological Survey explosion data 
recorded by 17 Portable Array for Numerical Data Acquisition (PANDA) stations 
deployed in the New Madrid Seismic Zone. Seven explosive sources, ranging 
from 500-lbs to 1000-lbs, located west of the PANDA stations were used. Head 
waves with an apparent velocity of 6km/s and the large amplitude wave train with 
an apparent velocity of 1.8 to 2km/s are identified from the seismogram. They 
were interpreted as a P -wave refracted from the top of Paleozoic basement and 
reverberating P-waves trapped in the unconsolidated embayment sediments, 
respectively. The P wave quality factor (Qp) of the unconsolidated sediments and 
the top of Paleozoic basement were estimated by taking the spectral ratio of 
coherent phases between two stations with similar azimuths from the source. A 
total of 21 station pairs were identified for spectral-ratio analysis. The Qp values 
estimated were assumed to be frequency independent. The estimated Qp ranges 
from 113 to 280 for the embayment sediments. The mean Qp for the refracted 
phase is 290.  Results show a lateral variation of the estimated Qp for the 
embayment sediments. Results are consistent with a previous study by Langston 
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             Attenuation is the decay of seismic energy as it propagates in the earth. 
Typically, seismic wave amplitudes decrease as they propagate away from the 
source due to geometrical spreading, anelastic attenuation, and wave scattering. 
The combined effect of these factors ultimately leads to the disappearance of the 
propagating seismic waves beyond certain distances. Otherwise, the earth would 
vibrate endlessly after an earthquake.  An effective attenuation study requires 
that the effects of geometrical spreading and wave scattering need to be isolated 
from anelastic attenuation. The intrinsic, or anelastic attenuation is a 
characteristic property of a medium that can provide an indication of material 
elasticity. A perfect elastic medium is one where a particle returns to its original 
position after wave transmission. Usually, the particle displacement associated 
with seismic wave propagation through the Earth is within the limit of elastic 
propagation. However, the displaced particles do not always return exactly to 
their pre-disturbed position because of the imperfect elasticity of the earth. 
Properties of the earth that dictate elasticity include rigidity, pore pressure, pore 
fluid and fractures. In this study, we will focus on the loss of seismic energy as a 
result of intrinsic attenuation.   
          Typically, attenuation is usually described by the seismic quality factor Q, 
which varies inversely with attenuation. It is a physical property that quantifies the 
energy loss per unit cycle. A medium with a high Q denotes low attenuation and 
vice versa.  Information about the seismic quality factor is essential in hazard 
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assessment, especially in a study of earthquake induced ground motion. In a 
laterally heterogeneous medium, ground motion is expected to vary with position.         
          An adequate knowledge of the variation of Q provides information about 
the effectiveness of wave propagation in an area. In other words, how well or 
poor seismic waves are propagating in a medium depends on its Q value along 
the path. In addition, the Q value can also be a measure of amplification. This is 
because under certain conditions, seismic waves tend to be amplified rather than 
attenuated. This is usually the case when we consider the sediment resonance 
effect.   
          The site amplification factor from weak motions at low frequencies is a very 
important parameter used by earthquake engineers in predicting strong ground 
motion and acceleration (Aki, 1988; Phillips & Aki, 1986).  The effect of 
unconsolidated embayment sediments on seismic wave propagation are widely 
believed to be a major source of potential seismic wave amplification, especially 
at low frequencies, due to the effect of near surface sediment resonance, which 
tends to amplify incoming seismic waves close to their natural frequency. In 
addition, the wave guiding property of the embayment sediment, which effectively 
traps near surface multiple reflections and reverberation, enables seismic wave 
amplification in the sediments.  Thus, the effect of unconsolidated embayment 
sediment on seismic wave propagation is therefore a potential source of seismic 
hazard in case of an occurrence of moderate to large earthquakes in the New 
Madrid Seismic Zone (NMSZ).  
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          Due to the high seismicity rate in the NMSZ, and its proximity to populated 
areas, many attenuation studies have been done in the region. Al-Shukri, 
Mitchell, & Ghalib (1988), worked on the high frequency spectral fall off 
parameterized by Kappa (K), and reported Qp less than 100. Kang and 
McMechan (1994) reported a Qp of 200 and Qs of 68 for the Mississippi 
embayment by attempting to separate the scattering attenuation from anelastic 
attenuation using wide angle reflection data. Chen, Chiu, and Yang (1994) 
reported a Qp of 25-60 and Qs of 25-30 for the embayment sediments using 
Sp/S spectral ratios from local micro earthquakes.  Liu, Wuenscher, and 
Herrmann (1994) estimated K for P and S waves from micro earthquakes in the 
NMSZ and found that Qs = 36 and Qp = 59.  Wang et al. (1994) used a simple 
pulse-width technique on S-wave data to parameterize Q as a function of shear-
wave velocity and obtained values of 10-30 for the near surface. 
          Langston et al. (2005), using the spectral distance decay of P and 
Rayleigh waves from explosion sources, reported an average Qp = 200 and Qs = 
100 in the Mississippi embayment. Langston (2003) described a potential bias in 
seismic wave attenuation in the sediments of the Mississippi embayment from 
previous studies using Sp/S technique. He reported that the potential bias in 
estimation of Q results in a low Q and an overestimation of attenuation in the 
unconsolidated sediments of the embayment. He also stated that the potential 
source of this bias is a resonance effect in the shallow low velocity layers that 
tends to produce spectral highs and lows at certain frequencies that can affect 
the estimated Q. Langston (2003) also stated that previous studies of Q for the 
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unconsolidated embayment sediment have been affected by the biasing effects 
of near surface resonance and wave interference effects due to free surface 
reflections. Langston et al. (2005) also reported that the near surface resonance 
effect and the resulting amplification is evidenced from the high Qp value 
determined in his study.  
         In the analysis presented herein, data from 8 explosion sources recorded at 
17 PANDA stations in the Mississippi embayment (Figure1) were used to 
constrain the anelastic attenuation and amplification characteristics of the 
unconsolidated embayment sediments by utilizing the spectral ratio method. We 
estimated an average Qp for each station pair by taking the spectral ratio of the 
sediment trapped P-wave and few small amplitude refracted phases.  For the 
sake of simplicity, we assumed that Q is frequency independent, and that the 
sediment response, and velocity are constant along same great circle path. The 
average Qp values (~230) of embayment sediments estimated from this study 
suggest amplification due to sediment resonance and wave guiding by the 
sediment. This inference is consistent with results reported by Langston et al., 
2005.   
         Similar to Langston (2003), the effect of sediment resonance was 
observed, and it varied with site due to the lateral variation of sediment 
properties. Therefore, contrary to the assumptions made, the site dependent 
variation of sediment resonance remained an unmodeled source of uncertainty in 





Figure 1. Map of the study area, showing the location of the 17 PANDA stations 
(black triangles) and the 8 explosion sources (red stars) that were used for the 
attenuation study. The inscribed rectangle shows the area covered by the 






2. Geology and Tectonic History of the Mississippi Embayment 
          The tectonic origin of the Mississippi embayment started in the late 
Precambrian with continental rifting and intrusion of high density magma into the 
crust. (Ervin & McGinnis, 1975). Following the Precambrian rifting, isostatic 
subsidence of the uplifted area in the early Paleozoic time resulted in the 
formation of the Reelfoot basin, a proto-Mississippi embayment (Ervin & 
McGinnis, 1975). Ervin and McGinnis (1975) also reported that the reactivation of 
the rift and the emplacement and cooling of syenitic intrusions during the 
Cretaceous, prompted subsidence within the rifted area and the formation of the 
modern Mississippi embayment. Although sediment deposition indicates that 
subsidence of the present trough began in Cretaceous time, subsurface 
information obtained from drilling clearly shows that the embayment was also the 
site of extensive basinal development in Cambrian-Ordovician time (Schwalb, 
1982). 
         Therefore, the Mississippi embayment area has experienced subsidence 
along with cyclic transgression and regressions of the area since the end of 
Paleozoic era (Arthur & Taylor, 1991). The Mississippi embayment stretches 
from the fringes of the Illinois basin to the gulf coast in Louisiana. The sediment 
thickness has been reported by Stearns (1957) and Dart (1992) to increase 
toward the south, and it is about 1km near Memphis, TN. Figure 2 is a 
stratigraphic column from the Steel well (Schweig, Marple, & Li, 1992), located in 
the Mississippi embayment, showing the eight major formation layers of the 
embayment based on lithology. These layers include the Quaternary Alluvium, 
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Cook Mt. Formation, Memphis Sand, Flour Island Formation, Fort Pillow Sand, 
Old Breastworks, Porters Creek Clay, and Upper Cretaceous. 
         Geophysical studies by Hildenbrand, Kane, and Stauder (1977) reported 
gravity and magnetic potential anomalies in the Mississippi embayment. Their 
studies, along with other studies in the embayment associated the origin of the 
potential field anomalies to the formation of the Reelfoot rift. The Reelfoot rift is 
one of the most prominent features in the geopotential data and is characterized 
as having regional magnetic lows (Hildenbrand, 1985; Hildenbrand et al., 1977; 
Kane et al., 1981). The Reelfoot rift is a northeast-southwest trending rift that is 
300km long and 70km wide (Kane et al., 1981). It extends from east-central 
Arkansas to Western Kentucky, where it seems to merge with the Rough Creek 
graben (Hildenbrand et al., 1985). The origin of the rift can be dated to the 
Proterozoic and Precambrian during the opening of the Iapetus Ocean and the 
breakup of the Rodinia (Braile, 1986). The reactivation of the rift during the 
Cretaceous was followed by pervasive emplacements of mafic materials around 
the edges of the rift (Hildenbrand, 1985).   
         Mooney, Andrews, Ginzburg, Peters, and Hamilton (1983) using refraction 
studies showed that the average crustal thickness under the embayment is 
41km. In the same study, they showed the presence of two anomalous layers in 
the crust beneath the Mississippi embayment. These are a low velocity layer of 
4.9km/s from 2.5 to 5km depth, which lies within a northeast trending graben of 
Paleozoic age, interpreted as sediments deposited in the graben after rifting; and 
an anomalous high density and high velocity layer in the lower crust beneath the 
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NMSZ. The high velocity layer was inferred to be about 13km thick, with a 
density and velocity of 3.0g/cm3 and 7.3km/sec, respectively.  Ginzburg, Mooney, 
Walter, Lutter, and Healy (1983) suggested that the intrusion of the high velocity, 
high density mafic material from the mantle probably resulted in the alteration of 
the lower crust.  Mooney et al. (1983) reported the presence of a rift pillow, an 
anomalously high velocity layer at the base of the crust. The presence of a rift 
pillow further validates the rifting and intrusions that had occurred in the region.  
         The NMSZ is located within the Mississippi embayment. Its formation is 
associated with a failed rifting system that could not reach the spreading stage 
(Liu & Zoback, 1997). The rifting left a relatively weak zone beneath the crust in 
the NMSZ and has been covered by kilometers of sediments since the 
Cretaceous. A three-dimensional configuration of the buried New Madrid Rift 
Complex showing the structure of upper and lower crust in the NMSZ is shown in 
Figure 3. The proximity of the NMSZ to populated areas poses a serious 
earthquake hazard. The NMSZ is the most seismically active region east of the 
Rocky Mountains (Johnston1996 a). A series of three large magnitude 
earthquakes occurred during the winter of 1811-1812 (Johnston & Schweig 1996; 
Nutli, 1973). The exact magnitudes of these events are not known, but have 
been debated to be between magnitude 7 and 8.1 (e.g., Johnston & Schweig 
1996; Nutli, 1973). Paleoseismic evidence shows that these large magnitude 
events have a recurrence interval of about 500 years (Tuttle et al., 2002).  The 
NMSZ is a classic case of active intraplate seismicity and for this reason, it is one 









Figure 3. Block diagram of the upper Mississippi Embayment showing the 
location of the Reelfoot Rift relative to the Mississippi Embayment and the 



















            U.S. Geological Survey explosion data recorded using the Potable Array for 
Numerical Data Acquisition (PANDA) stations deployed in the New Madrid 
Seismic Zone were used in this study. The data was originally collected to carry 
out a seismic reflection/refraction study of the crustal structures in the Mississippi 
embayment. 
         Forty PANDA stations were used to record 20 explosions. However, only 
the sources and station pairs on the same great circle path or within similar 
azimuth window were used for this attenuation study. The seventeen PANDA 
stations and 8 explosion sources used here are shown in Figure 1. The data 
were recorded with a sampling rate of 100 Hz, resulting in a Nyquist frequency of 
50 HZ.  However because of the anti alias filter used, the PANDA data has a 
limited frequency range, well below the Nyquist frequency (50 Hz). For this study, 
the maximum frequency was limited to 25 Hz to avoid the chance of being 
aliased.  Also frequencies below 3 Hz were not used in estimating the spectral 
ratios due to the poor sensitivity of PANDA to low frequency vibrations. The data 
were recorded with high and low gain, but for this study, only the high gain data 
were used due to their relatively high signal to noise ratio. For stations with 
different gains, gain corrections were applied to the pair of vertical component 
seismograms to enable us to compare the phases at two stations without the 
bias of the gaining factor.  
         The data recorded were not free from ambient noise. The near surface soil 
conditions does influence how well a source from an explosion study is radiated 
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and how well it is recorded at the stations. Unlike velocity studies, a relatively 
high signal to noise ratio is needed for attenuation studies so as to avoid the bias 
that will be added by noise.  The selected data used in this study had a signal to 
noise ratio of 3 or above. The signals to noise ratios were estimated by taking the 
ratio of the RMS value of the spectrum of the signal to that of noise. Spectral 
analysis shows that the signal to noise ratio of each seismogram varied with 
frequency. When comparing the signal to noise ratio of each station pair to be 
used for the spectral analysis, it is necessary that the accepted signal to noise 
ratio must exist within the same frequency bandwidth at both stations. Spectral 
analysis revealed that the signal to noise ratio was highest between 5 and 15 Hz 
in most cases. Therefore, a band pass filter with corner frequencies of 5 and 15 
Hz was applied to the PANDA data in those cases. The application of band pass 
filter limited the frequency bandwidth to be used for the linear regression 
analysis.  
         The PANDA waveforms typically contain two prominent seismic phases or 
arrivals. The small amplitude phase, which is usually the first arrival with an 
apparent velocity of 5.9 to 6 km/s, is interpreted to be the head wave refracted 
from the Paleozoic bedrock. Due to the relatively thin sediments of the 
embayment and the high impedance contrast between the unconsolidated 
embayment sediments and the Paleozoic bedrock, the refracted phase can be 
observed at stations about 4.9 km from the source. However, from the station 
pairs analyzed, the closest distance where this phase was observed is about 16 
km from the source. The low signal to noise ratio of the refracted phase limited 
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the study of this phase to only three station pairs. The second phase is the large 
amplitude, long wave train observed clearly at most stations with an average 
velocity from 1.8 to 2.0 km/s. This phase is interpreted to be the sediment 
trapped P-wave travelling in the poorly consolidated embayment sediments, 
which act as a wave guide and allow body waves to propagate great distances. 
Figure 4a shows the location of 10 east-west oriented sources and station 
i18.shz used to estimate the apparent velocity of the sediment trapped phase 
and the head wave shown in Figure 4b. 
 
 
Figure 4a. Map showing the east-west oriented sources and the recording station 
i18 used for the distance time plot in Figure 4b 
 
 















          A seismogram can be expressed as the convolution of a series of time 
 domain operators. This is usually represented as 
 
                                                                                            [1] 
                                                            
Where S (t) is the source operator; I (t) is the receiver operator; G(r) is the  
Geometrical spreading operator; E (t,r) , and A(t,r) is the path operator and the 
attenuation function, respectively. The corresponding amplitude spectrum is the  
multiplication of these operators in their respective frequency domains.     
 
                                                                                                    [2]       
                                            
         Of all the parameters affecting seismic wave propagation within the earth, 
the frequency dependent attenuation is one of the most difficult to measure 
(Frasier & Filson 1972). The common procedure is usually to make an 
assumption about the shape of the wave spectrum observed at a station or to 
measure the difference in attenuation between two separate stations or phases. 
This study utilizes the later procedure which is basically the spectral amplitude 
ratio at two distances. The spectral ratio of coherent phases recorded at stations 
along same great circle path or within a small azimuth range was used to 
calculate Qp for the unconsolidated sediments.  For each station pair, the 
spectral ratio of each of the coherent phases was estimated by dividing the 
spectra of the phase recorded at the station nearer to the source with that 
recorded at the farther station along same great circle paths or within a small 
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azimuth range. Also each Q value estimated from the spectral ratio of a station 
pair is a representation of attenuation within the frequency bandwidth used and 
depth of propagation of the wave.   
Station Ratio Method  
         This method uses the spectral amplitude ratios at two stations.  |A1 (ω)| 
and |A2 (ω)| are the amplitude spectra of the same signal observed at two 
stations 1, and 2, respectively. For each station pair along the same great circle 
path with the source, we assume that the velocity is constant between the two 
adjacent stations. This is a good assumption especially in the case of the large 
amplitude sediment trapped phase where the distance between each station pair 
is relatively close except in few cases. This assumption also implies that the 
sediment response function along both stations is the same.  
From equation 3, C1 (ω) and C2 (ω) is the sediment response at the first and 
second station, respectively. Also, C1 (ω) equals C2 (ω) for each station pair. This 
is true if we neglect the heterogeneity of the near surface geology. Also we 
assume that the source function is the same, i.e., S1 (ω) =S2 (ω). This 
assumption is made since each pair of stations used for spectral analysis has 
one source in common.  
          In addition, stations with different gains have to be degained before  
 
taking their spectral ratios. After instrumental corrections have been made, the  
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Where      
  




   21  AA  is the spectral ratio; ω is the angular frequency, and (G1, G2) is 
geometrical spreading functions at both stations, respectively. Also,
rd  is an 
element of the seismic ray; sV  is the velocity of the frequency component; and 
rQ  is the quality factor of the earth at point r on the ray; the difference  
  21 tt   is 
the differential attenuation.  
          A formula essentially of this type was applied by Teng (1968), to seismic 
records from two deep-focused earthquakes recorded at a number of stations, by 
taking the spectral ratio between various stations and one base station. Plotting 
the left-hand side of equation [3] versus frequency yields an approximately 
straight line, whose slope gives the differential attenuation. For further 
simplification, we consider an average Qp between two stations, then equation 
[3] can be simplified as follows: 
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    An equation of this form was applied by Frasier and Filson (1972) to two  
stations recording the same event. Summer (1967) applied the station-ratio 
method to P-waves along the Andes, primarily in the form of equation [5]. 
Substituting ω from radian to frequency in Hertz (ω = 2πf), and plotting the left-
hand side of equation [5] versus frequency, we could estimate M, which is the 
slope of the best fit line to the natural log spectral ratio over the frequency band 
of interest. The slope M is expressed as 
 
  
        
    
                                                                                                                                   
       
                               
   
        
   
                                                                                                                                  
                                                                                                                                                                                                            
 
where    is the average velocity of the sediment trapped phase recorded at the 
two stations. For each station pair used to estimate Qp, the velocity were 
calculated using the distance between both stations (r2-r1) and the arrival time 
differences (t2-t1) of the sediment trapped phases recorded at both stations . The 
estimated Qp is the average value between two stations, also for the depth 
traveled by the ray to both stations and the frequency interval used. Strictly 
speaking, the quality factor Qp is a function of frequency (Frasier & Filson 1972). 
However, in order to simplify the calculation, Qp is commonly assumed to be 
frequency independent. This implies that Qp does not vary within the frequency 
interval used. However, the frequency band chosen for the linear fit should define 
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a linear trend with the spectral ratio. As a first order approximation, Qp is 
assumed to be a constant between each station pair. Under this assumption, 
equation [5] represents a linear relationship between the natural log of the 
spectral ratio and frequency.  A constant Qp between two stations may not be 
valid due to the fact that lateral velocity heterogeneity in the embayment may 
result in a corresponding lateral variation of attenuation. However, the distance 
between each station pair is small enough that the assumption of a constant 
attenuation between each station pair is a reasonable first order approximation.  
         The determination of attenuation from spectral amplitude ratios is an 
example of a spectral equalization technique. Using this technique, we try to find 
cases such that the ratios represented by the first term on the right-hand side of 
equation [5] will cancel. This technique eliminates the effect of geometrical 
spreading and sediment response function. However, every equalization method 
is imperfect, and contains simplifying assumptions necessary to reach stable 
numerical results. In the case of a linear equation represented by equation [5], 
the first term on the right-hand side of the equation is a constant, which is 
approximated to be the intercept of the fitted data. Therefore, whatever remains 
of the first term on the right-hand side of equation [5] after the equalization 
should be the intercept at the vertical axis.  
         One major limitation to this method is the uncertainty of the sediment 
response function due to the variation in local geologic conditions. This effect is 
observed as layer resonance which may emphasize certain frequencies and 
suppresses the others, thus modifying the spectral slope. Since the measured 
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amplitudes are dependent on these factors, the resonance effect of the 
unconsolidated embayment sediments, which is expected to vary with site, could 
be a potential source of uncertainty when estimating attenuation in the sediments 
of the upper Mississippi embayment using the spectral ratio method. In addition, 
uncertainty in the estimated velocity could add further uncertainty in the Qp 
estimated. The uncertainty in velocity estimation is due to the complicated ray 
paths of the sediment trapped phase, which makes it difficult to estimate the 
depth of propagation and actual distance travelled by the rays. The distance 
between each station pair is assumed to be the distance travelled by the ray. 
However, the distance travelled by the rays could be different from station pair 
distances. Figure 5 shows a Z component seismogram at station i13.shz and 
i16.shz where the large amplitude sediment trapped phase and the small 
amplitude refracted phase are identified. A hanning window was used to 
minimize high frequency contaminations resulting from the vertical sides and 
sharp corners of a boxcar window. 
         The daunting task in an attenuation study using this method is estimating 
the length of the time window. Therefore much caution was taken when choosing 
the length of the time window so as to not include noise or unwanted phases 
such as waves reflected below the embayment sediments, which are potential 
sources of contamination in the spectra analysis of the large amplitude sediment 
trapped wave. At some stations, the lengths of the phases were difficult to define. 
The problem is also complicated by the reverberation of these body waves in the 
unconsolidated embayment sediments which sometimes can make it difficult to 
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define the window length. Choosing a window that starts earlier than the phase 
could lead to unstable spectra. When choosing a window we try to visually define 
the duration by observing the shape of the waveform while we monitor the 
spectrum, as extending the window outside the phase of interest is usually 
manifested by the presence of unwanted spikes both in the amplitude spectra 
and the log spectra ratio. Nevertheless, in most cases, the sediment trapped 
phase was easy to define due to its large amplitude, which easily differentiates it 
from other arrivals. 
 
 
Figure 5. Plot of Z component seismogram at station i13.shz and i16.shz 
respectively, showing both refracted and trapped P phases.     
 









         Twenty pairs of stations were used to estimate the seismic quality factor of 
the unconsolidated sediments of the Upper Mississippi embayment. Figure 6 
shows the source and station pair locations used in the spectral analysis of the 
large amplitude sediment trapped phases shown in Figures 7-11 and Figures 14-
17.  
         The variation in the Qp values could be due to the heterogeneity of the 
Mississippi embayment in the study area because geological conditions vary 
from site to site and attenuation within the embayment sediment is not constant.  
This implies that the sediment response which is dependent on the local geology 
changes as the distance and azimuth between stations increases.   
 





Figure 6. Source and station pair locations used to study the large amplitude 














Figure 7. Shown at the top are the sediment trapped phases at stations i10.shz 
and i11.shz from explosion source sp01. (See Figure 6 for source- station 
location). Stations are16.1 km apart. The red and green time windows are the 
numerator and denominator windows respectively. The amplitude spectra of both 
windows are shown at the bottom left. The spectral ratio is shown at the bottom 
right. A linear regression was applied to the natural log spectral ratio between 5 
and 15 Hz. The calculated Q for the frequency bandwidth is 163. The Qp 
calculated is for the frequency interval used and it is constant along the ray path 






   
 
Figure 8. Shown at the top are the sediment trapped phase at station i08.shz and 
i05.shz from explosion source sp01 (see Figure 6 for location). Stations are 22 
km apart. The red and green time windows are the numerator and denominator 
window respectively. The amplitude spectra of both windows are shown at the 
bottom left. The spectral ratio is shown at the bottom right.  A band pass filter 
was applied between 3 to 15 Hz and a linear regression was applied to the 
natural log spectral ratio between 5 and 15 Hz. The calculated Qp for the 








Figure 9. Top are the sediment trapped phase at station i01.shz and o01.shz. 
Stations are 14.1 km apart. The source used for this pair is sp17. (See Figure 6 
for location). The red and green time windows are the numerator and 
denominator windows, respectively. The amplitude spectra of both windows are 
shown at the bottom left. The spectral ratio is shown at the bottom right. A linear 
regression was applied to the natural log spectral ratio between 5 and 15 Hz. The 





    
 
Figure 10. Top are the sediment trapped phase recorded at station i10.shz and 
i08.shz. Stations are 15.87 km apart (See Figure 6 for location). The red and 
green time windows are the numerator and denominator window respectively. 
The amplitude spectra of both windows are shown at the bottom left. The 
spectral ratio is shown at the bottom right. A linear regression was applied to the 
natural log spectral ratio between 5 and 15 Hz. The calculated Qp for the 
frequency bandwidth is 220. The Qp estimated is for the frequency interval used 
and it is constant along the ray path between both stations. 
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        Near surface velocities within the top few meters in the embayment have 
been observed to be significantly lower than seismic wave velocity observed in 
deeper sections (e.g., Liu et al., 1997). Thus the near surface layer act as a 
wave-guide, capable of propagating and trapping near surface multiple 
reflections and reverberations. It is also a potential source of resonance at 
certain frequencies. Because the near surface velocity is not a constant, it can 
introduce a differential resonance effect that varies with site depending on the 
material property. The natural frequency of the unconsolidated embayment 
sediment is dependent on its material property. More consolidated sediment will 
have lower amplitude and a higher frequency vibration, whereas less 
consolidated sediment will have relatively high amplitude and a low natural 
frequency vibration. Therefore, the spatial variation of material property of the 
near surface layer will result in site dependent resonance. Figure 11 is a case of 
amplification due to sediment resonance. Wave reverberation due to near 
surface layer resonance is evidenced from the sediment trapped phases 
recorded as double energy packages in both the numerator and denominator 















Figure 11 a) is the sediment-trapped phase from source Sp16 recorded at station 
i09.shz and i07.shz (See figure 6 for location), showing wave reverberation due 
to a resonance effect of the poorly consolidated embayment sediments. Both 
stations are 9.29km apart. Subwindows a, b, c, and d are used to illustrate the 
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Figure 11 b) and c) are the amplitude spectra of the numerator time windows 
(packages a and b in 11a respectively), while d) and e) are the corresponding 










f)                                                      g)      
                       
        
Figure 11 f) is the amplitude spectra of the combined numerator windows (a and 
b) , and combined denominator windows (c and d) respectively.  g) Shows the 
corresponding spectra ratio of the spectra in 11 f. A linear regression was applied 
to the natural log spectral ratio between 5 and 15 Hz. The Qp estimated from the 
slope of the linear fit is 273. 
 
         Spectral peaks observed at 6-7 Hz in Figure 11 b, c, d, e, and f are a result 
of near surface layer resonance and amplification, which is a characteristic 
feature of the embayment sediment. The frequencies of the propagating waves 
close to the natural frequency of the embayment sediments are amplified, while 
other frequencies are relatively suppressed. The amplification of the seismic 
waves results in wave reverberation and multiple reflections within a low acoustic 
impedance layer, bounded by high impedance contrast interfaces, which acts as 
a wave guide. Also, wave amplification is evidenced from the high Qp estimated 
from the spectral ratio of the numerator and denominator window in Figure 11g.  
The negative slope in Figure 11g could be due to the effect of differential wave 
amplification along the ray path, as it propagates from the source to both 
32 
 
stations. Similar cases were observed in other station pairs and this certainly is a 
source of uncertainty in the determination of Qp in the embayment sediments.   
         The assumption of a constant velocity between both stations is reasonable 
for station pairs that are within a close distance. However, as the distance 
between station pair increases, the effect of near surface sediment resonance, 
which is dependent on the wave velocity and other near surface geological 
condition, becomes more pronounced.   
         However, most of the estimated Qp are between 180 and 260 and are 
similar to Qp values reported in the literature (e.g., Langston, 2003).  Therefore, 
the variation in the estimated Qp is due to the differential attenuation in the 
Mississippi embayment. Table 1 shows estimated Qp and other parameters for 
the frequency interval 5-15 Hz for sediment trapped P- waves. 
 














Table 1. Qp and other parameters estimated for the embayment sediment 
 
Source Station1 Station2 V(km/s) D(km)   M   Qp  Qp+ Qp- f (Hz) 
           
Sp16 i13.shz i16.shz 1.70 6.00 0.080 0.65 138 45     30 5-15 
Spo2 i11.shz i12.shz 1.73 4.01 0.043 0.60 169 49 32 5-15 
Sp15 i10.shz i05.shz 1.79 27.20 0.170 0.67 260 58 37 5-15 
Sp18 i11.shz i03.shz 1.67 25.00 0.210 0.59 223 54 34 5-15 
Sp18 i10.shz i08.shz 1.77 15.87 0.128 0.60 220 55 33 5-15 
Sp18 i18.shz i19.shz 2.0 5.00 0.049 0.50 160 48 31 5-15 
Sp05 i15.shz i18.shz 1.60 12.09 0.112 0.59 210 52 33 5-15 
Sp16 io9.shz i07.shz 1.76 9.29 0.070 0.63 273 58 35 5-15 
Sp14 i10.shz i07.shz 2.0 21.30 0.160 0.58 209 47 31 5-15 
Sp16 i12.shz i01.shz 1.90 8.50 0.079 0.62 177 49 34 5-15 
Sp01 i08.shz i05.shz 1.76 22.88 0.156 0.57 260 65 40 5-15 
Sp18 i15.shz i17.shz 1.64 12.57 0.089 0.65 270 59 38 5-15 
Sp15 i11.shz o01.shz 1.85 26.48 0.215 0.57 209 51 32 5-15 
Sp01 i10.shz i16.shz 1.83 24.50 0.153 0.69 274 63 41 5-15 
Sp01 i10.shz i11.shz 1.96 16.13 0.158 0.42 163 46 29 5-15 
Sp13 i10.shz i09.shz 1.95 12.17 0.080 0.64 244 57 37 5-15 
Sp17 i01.shz o01.shz 1.62 14.52 0.228 0.51 123 28 19 5-15 
           
 
         D is the distance between station pair and   is the standard deviation of the 
fit; M is slope of the linear fit applied to the spectral ratio. Qp+ and Qp- are the 
error margins of the estimated Qp values.  
 
 
Error Margin in Estimated Qp 
 
          To determine the error margin of the estimated Qp, a 95 % confidence 
level was chosen to define the acceptable range of Qp values for each station 
pair. Figure 12 is a spectra ratio of a pair of sediment trapped phase recorded at 
station i10.shz and i11.shz. A linear regression is applied between 5-15 Hz. Also, 
two other linear fits that extends evenly above and below the true fit are used to 
show the 95 % confidence interval estimated.  This is interpreted as a 95 % 
probability that the true linear fit lies within this interval. The slope of the 
estimated true fit shown in Figure 12 is 0.158. Using a 95 % confidence interval, 
the range of acceptable values are from 0.123 through 0.193. The Qp estimated 
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using the slope of the true fit is 163. An error margin of Qp+ = 46, and Qp- = 29 
were estimated for the station pair using the two slopes that defined the margin 
of the 95 % confidence interval. The wide confidence interval of the estimated Qp 
of some station pair decreases the accuracy of the Qp estimated in this study. 
 
 
Figure 12. Spectral ratio of the large amplitude sediment trapped phase recorded 




          The contour map of the estimated Qp for the frequency interval 5 -15 Hz is 
shown in Figure 13. The contour map shows the lateral variation of Qp in the 
unconsolidated embayment sediment in the study area. Sediment thickness 
information from Dart  (1990) shows that the thickness of the embayment 
sediment in the study area ranges from 600 m in the northern section to about 
800 m in the southern section. Sediment consolidation and compaction in the 
deeper section of the embayment sediments is expected to increase southwards 
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due to higher sediment overload resulting from increasing sediment thickness. 
This could imply a higher Qp and a lower attenuation for sediments at the 
southern part of the study area.  However, reverberations and multiple 
reflections, which are the basic mode of propagation of the sediment trapped 
phases are within shallower section of the embayment sediment. Qp values were 
randomly distributed and no significant correlation with sediment depth was 
observed. Therefore the estimated Qp values are not affected by the variation in 
sediment thickness in the study area. Thus, the calculated Qp is a representation 
of the attenuation characteristics of the embayment sediment along the ray path 
and depth of propagation of the wave. 
          More work has to be done in estimating Qp using the spectral ratio 
method. Sources and stations should be deployed with the source-station 




Figure 13. Contour map of the Qp distribution in the study area. Red stars are the 
explosion sources used, blue stars are the unused sources, the black and green 
triangles are the PANDA stations used and unused respectively. See Figure 1 for 








            The low velocity embayment sediments form an efficient wave guide that 
could allow the propagation of seismic waves over long distances.  This has an 
implication in the event of a shallow earthquake in the NMSZ, because the wave 
could be amplified on entering into the unconsolidated embayment sediments. A 
good example of the potential of the embayment sediment to act as a perfect 
wave guide is observed at station pair i14.shz and i17.shz (Figure 14) with a 
separation of approximately 28 km. 
         Velocity estimate of 1.99km/s was obtained using the arrival time of the 
sediment trapped phases at both stations. With a source that is 14 km away from 
the first stations, observing the sediment trapped phase at both stations with a 
velocity typical of the embayment sediment is an evidence of ability of the 





Figure 14.  Z component seismogram at station i14.shz and i17.shz, showing 
sediment trapped P wave at both stations. (See Figure 6 for location). 
 
         Qp values estimated in this study could have also been influenced by wave 
scattering. We assumes that the sediment response  and  the velocity between 
both stations is constant. However, the separation of effects of anelastic 
attenuation from those involving wave scattering is a well-known seismological 
problem (Frankel & Wennerberg, 1987).  True values of anelastic Qp should be 
greater than the estimated Qp in this study because, ideally, part of the seismic 
wave energy has been attenuated by wave scattering. This is because total 
attenuation in the embayment sediments is the sum of attenuation due to 
anelasticity and that from wave scattering due to velocity heterogeneity. 
Therefore, the Qp values estimated are the lower limits of the Qp for each station 
pair analyzed.  
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          A better geometry could have increased the number of stations used for 
this study. The USGS explosion data used for this study were originally used for 
velocity studies in the embayment.  Therefore, not all stations used for the 
velocity study satisfied our geometry requirements for the attenuation study.  A 
large amount of data is useful especially in understanding the variances of Qp 
along the wider region of the embayment sediments.  
          The frequency independence of Qp is a subject of controversy beyond the 
scope of this thesis. Ideally, Qp is a function of frequency, and it should decrease 
at higher frequencies of seismic wave propagation because, seismic waves 
attenuate faster at higher frequencies than at lower frequencies. For example, 
observations of seismic reflection records show a depth profile of attenuation that 
favors high frequency energy at shallow depth and low frequency energy at 
greater depth. However, in this study, Qp is assumed to be frequency 
independent for the purpose of simplicity. Our assumption of an independent Qp 
implies that the estimated Qp does not vary between 5 -15 HZ or between any 
other bandwidth chosen for linear regression. Spectral analysis of the large 
amplitude sediment trapped phases show cases where Qp is dependent and 
independent on frequency. For example, Figures 15 and 16 show the frequency 






Figure 15. Top: Z component seismogram at stations i12.shz and i01.shz from 
source sp16 (see Fig. 6 for location). Stations are 8.5 km apart. The amplitude 
spectra are shown at the bottom left. The natural log spectral ratio of both 
windows is shown at the bottom right. 
 
In Figure 15, the Qp values estimated between 3- 6 Hz and 15 – 22 Hz are 74 
and 86, respectively. The close agreement of these Qp values estimated at 
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different frequency ranges suggests a frequency independent Qp in the 
embayment sediment.  Figure 16 also presents a similar case of similar Qp 
values at two different frequency intervals for the same station pair. 
 
 
Figure 16a.  Z component seismogram from source sp05 recorded at stations 
i14.shz and i15.shz (See Fig. 6 for location), showing the large amplitude 









    
 
Figure 16b. Left and right are the amplitude spectra and natural log spectral ratio 
of both windows respectively. 
 
A linear regression analysis was applied to the natural log spectral ratio between 
3 and 10Hz, and another linear fit was applied between 10 and 18 Hz. Both 
frequency bandwidths were chosen to correspond to the linear portion of the 
spectra ratio. Qp values estimated are 49 and 50. The similar Qp values suggest 
a frequency independent Qp which could validate the assumption made in this 
study.  
          On the contrary, spectral analysis of the large amplitude sediment trapped 
phase in Figure 17 shows a frequency dependent Qp, which is contrary to the 





    
Figure 17. Top is a pair of sediment trapped phases from source sp15 recorded 
at stations i14.shz and 17.shz, which are 26 km apart. (See Figure 6 for source 
and station pair location). Bottom left and right are the corresponding amplitude 
spectra and natural log spectral ratio of both windows. The linear fits of the 
spectra ratio shows a case of frequency dependency of Qp.    
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           The Qp estimated from the linear regression between 7 -10 Hz and 10 -15 
Hz are 30 and 80, respectively. The significant variation of the estimated Qp at 
these frequency bandwidths suggests a frequency dependent Qp which should 
vary with the frequency bandwidth chosen for the linear regression. However, 
due to the relatively higher signal to noise ratio between 5-15 Hz, the Qp 
estimated at this interval is a more representative of the attenuation in the 
embayment sediments. 
          A hanning window was applied to the time window prior to its 
transformation to the frequency domain. Figure 18a shows the effect of the 
application of a hanning window function to a time window before FFT.  Using no 
particular window is equivalent to applying a rectangular (boxcar) window. High 
frequency oscillation associated with boxcar window is clearly observed in Figure 
18b from 15 to 25 Hz.  Also, as a result of the high frequency contamination from 
spectral lobes of higher frequency, the frequencies in the unwindowed spectrum 
are clearly observed to have higher amplitude than the corresponding 
frequencies in the windowed data. Therefore, a hanning window was used to 
smooth the time window in order to reduce the effect of high frequency 
contamination from negative spectral lobes of higher frequencies. However, 
using a window function results in some sort of compromise that could lower the 
resolution of the data. Parts of the energy are lost due to the application of a 
smoothing function. The energy loss is obvious from the relatively low amplitude 
of the windowed data compared to the amplitude of the corresponding 
frequencies in the unwindowed data. This is because the hanning window        
45 
 

















          Spectral contamination from instrumental and ambient noise was limited by 
selecting data with a signal to noise ratio not less than 3. Signal to noise ratios 
were observed to vary with frequency range. This poses a lot of difficulty 
especially in choosing the frequency bandwidth for the regression analysis. As a 
result, the lengths of frequency bandwidths used for linear regression were 
limited, because it is necessary that both the numerator and denominator window 
must have an acceptable signal to noise ratio within the frequency bandwidth 
chosen for the linear fit. Figure 19a shows a stacked amplitude spectra of 3 
numerator time windows and their respective noise. Also the corresponding 
amplitude spectrum of each of the 3 time windows and their associated noise are 
plotted in Figure 19b 
 
 
Figure 19 a.  Amplitude spectra resulting from stacking the amplitude spectra of 






Figure 19b. Amplitude spectra of three numerator windows and their associated 
noise superimposed 
 
          It is obvious from Figure 19a that even after stacking the amplitude spectra 
of a number of windows, the resulting spectrum is still relatively unstable, 
compared to what we expect from stacked spectra. This is because stacking a 
number of spectra should decrease the variance in the resulting spectrum and 
also should smoothen the spectrum. The contrary observation is due to variation 
in the signal to noise ratio in different frequency ranges. However, the best signal 
to noise ratio for most station pairs were between 5 to 15 HZ.  The stability of the 
spectra also depends on the length of the time window. The amplitude spectrum 
of a shorter time window is usually more stable but with lower resolution because 
it has less discrete values of sampled data. However, we are interested in the 
length of the phase.  Therefore caution was taken when estimating the duration 
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of the time window of the phases and also in estimating the pre event noise 
window to be used for the signal to noise ratio.  




















         Spectral ratios were used to determine the Qp distribution in the study 
area, using the frequency interval between 5 and 15Hz.  A high signal to noise 
ratio and linearity of the spectral ratio were the criteria used in selecting the 
frequency interval analyzed. The linear regression fits had a standard deviation 
that ranges from 0.42 to 0.69 
          By applying a linear regression between 5 and 15 Hz, the minimum and 
maximum estimated Qp values for the embayment sediments were 123 and 274, 
respectively. The variance in Qp can be due to the heterogeneity of the 
unconsolidated embayment sediments or it could be a manifestation of the 
difficulty in estimating Qp.  By assuming  that the sediment response does not 
vary with site, we imply a constant velocity along the ray path between the two 
adjacent stations. This assumption also does not allow other wave propagation  
effects such as wave scattering due to the velocity heterogeneity of the medium 
to be taken into consideration. However, the effect of wave scattering on the 
estimated Qp is significant, especially when lateral velocity variation is obvious. 
Therefore, the Qp values estimated in this study are lower estimates, and higher 
values are expected if we consider Qp without the effect of wave scattering. 
          Reverberations and multiple reflections are the primary mode of 
propagation of the large amplitude phases in the unconsolidated embayment 
sediment due to the wave guide effect of the embayment sediment. The 
observation of the large amplitude sediment trapped phases at long distances 
(Figure 14) with velocity typical of the embayment sediment validates this 
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assumption. This mode of propagation is established by significant acoustic 
impedance contrasts between sediment layer interfaces.  Also, near surface 
layers with significant velocity contrasts could be sources of seismic wave 
amplification due to the resonance effect as observed in Figure 11. The 
significance of the wave guide and the resonance of embayment sediments are 
important especially in the event of a moderate to large earthquake in the shallow 
crust. Due to the low acoustic impedance of the embayment sediments, and the 
high Qp values estimated in this study, the amplification of shear waves on 
entering the sediments is likely.  
          Future work is needed to further constrain Qp values in the unconsolidated 
embayment sediments using the spectral ratio method with a well designed 
source –station geometry. Despite all the imperfect assumptions made, the Qp 
values of the unconsolidated embayment sediments estimated from this study 
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